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INVESTIGATION OF TURBINES SUITABLE FOR USE IN A TURBOJET ENGINE WITH
HIGH COMPRESSOR FRESSURE RATIO AND LOW COMPRESSOR-TIP SPEED
V - EXPERIMENTAL PERFORMANCE OF TWO-STAGE TURBINE
WITE DOWNSTREAM STATOR

By Elmer H. Davison, Donald A. Petrash, and Harold J. Schum

SUMMARY

As part of a general study of obtainling high work output at low
blade speeds with multistage turbines, a two-stage turbine with a down-
gtream stator was experimentally investigated. High Mach nmumbers, high
turning angles, low static-pressure drops across blade rows, and large
tangential components of veloclty at the exit of the second rotor made
this a critical turbine design. A downstream stetor was employed to re-
cover the energy of the tangentisl veloclty at the exit of the second
rotor.

The turbine passed 0.98 of the equlvalent design weight flow at
equivalent design speed and work. The breke internsl efficiency at this
point was 0.81 and occurred at a rating pressure ratio of 3.8. A maxi-
mu efficiency of 0.85 occurred gt 130 percent of equivalent design
speed and a work output of 36.5 Btu per pound, corresponding to a rating
pressure ratio of approximately 4.4.

The downstream stator left very little energy in the form of tan-
gentlal velocity in the gas st any operating condition. At equivalent
design work and speed, the downstream stator recovered 0.78 of the
energy of the tangential velocity entering the stator. The energy of
this tangentisl veloclty amounted to 4.8 points in turbine efficiency.

INTRODUCTION

The NACA Iewils laboratory is currently conducting a genersl study
of high+work-output, low-speed, multistage turbines. As part of this
study, the design reguirements of turbines to drive a particular single-
spool, high-pressure ratio, low-blade-tip-speed compressor at several
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engine operating conditions were investigated (ref. 1). Studies were
made to determine the turblne velocity dlagrams for the turbine re-
quirements lmposed by engine operation wlth constant exhaust-nozzle
area (ref.—2) and engine operation at constant design rotative speed
(ref. 3). The turbine design requirements for engine operation st con-
stant design rotative speed were more critical than those for engine
operation with constant exhaust-nozzle area, and it was necessary to
incorporate a downstream stator behind a two-stage turbine in order to
obtaln reasonsble veloclty diagrams. These veloclity diagrams had high-
er Mach numbers, greater turning within blade rows, and lower static-
pressure drops across some of the blade rows than those used in con-
ventional turbine designs. Less critical turbine aerodynamic designs
could, of course, have been obtained with a three-stage turbine or by
incressing the design rotative speed, as dlscussed in reference 4.

Although the two-stage turbine design for engine operstion with
constant exhgust-nozzle grea and the two-stage turbine deslign with a
downstream stator for engine operation at constant deslign rotative speed
were critical, reasonably good turbine performance appeared to be feas-
ible. In order to obtain the performance of such a turbine design, the
two~-gtage turbine with a downstream stator was fabricated and Investi-
gated as a component with cold-air turbine-inlet conditions. The pur-
pose of this report, then, is to (1) present the over-all performance
of this turbine and (2) evaluate the downstream stator in terms of “tur-
bine over-all performance.

The turbine was operated at a constant inlet total {stegnation)
pressure of 35 inches of mercury ebsolute and an inlet total temperature
of 700° R. Over-all turbine performsnce characteristics were obtained
over a range of pressure ratios and speeds. These performance resulis
are presented in terms of brake internal efficiency, equivelent work
output, equivalent. weight flow, and equivalent rotor speed. The ef-
fectiveness of the downstream stator.in recovering the energy of the
second rotor-exlt tangential velocltiy over a range of turbine operating
conditions 1s presented. A brief descriptlion of the method used to de-
sign the blade profiles is ineluded. Also presented herein are the
choking characteristics of the turbine obtained fram the interstage
static-predsure measurements.

SYMBOLS

The following symbols are used in this report:

A ennulaer area, sq ft
c, specific heat at constant pressure, Btu/(1b)(°R)
E enthalpy drop (based on measured torque), Btu/lb
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gravitational constant, 32.174 £t/sec?
mechanical equivalent of heat, 778 ft-1b/Btu
rotational speed, rpm

static pressure, 1b/sq £t

total pressure, Ib/sq e

rating total pressure, static pressure plus velocity pressure
corresponding to axiasl camponent of veloeity, Ibfgq kg

gas constant, 53.4 £1-1b/(1b)(°R)
entropy

static temperature, SR

total temperature, °R

static temperature plus veloccity temperature corresponding to
axial component of velocity, CR

velocity, ft/éec

weight flow, 1b/sec

welght-flow parameter based on equivalent weight flow and
equivalent rotor speed

ratio of specific heats

rgtio of inlet-air pressure to NACA standard sea-level pressure,
96/2116

- Te -

Y -1
(Yé + %) )
Tsl 2

e sl.

funetion of T,
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M brake internal efficlency, ratio of actual turbine work based
on torque measurements to ideal turbine work

Bor squared ratio of critical velocity to critical velocity st NACA
2
o + T eRT§
standard sea-level temperature of 518.7° R, g
Va1 gRT!
Tsl + 1 sl 8
b~
p static demsity, 1bfcu £t il
T torque, £t=1b
Subscripts:
e engine operating conditions
‘sl NACA standard sea-level conditions
u tangential =
x exial .
0,1,
Z’g’ measuring stations (see fig. 2)
I~
6

APPARATUS
Tesgt Installation

The experimental setup of the turbine is shown in figure 1. The
alr weight flow through the turbine was measured by a submerged call-
brated A.S.M.E. flange-tap flat-plate orifice. After metering, the alr
was throttled to the deslred turbine-inlet pressure of 35 inches of
mercury absolute. A portion of this.air was heated by two commercial
Jjet-engine burners and reintroduced into the mein alr stream. The re-
sulting turbine-inlet temperature after mixing was maintained at 700° R.
The alr weight flow through the turbine was corrected for the fuel addi-
tion by measuring the fuel flow with rotameters in the fuel line. The
air flow divided and entered a plenum chamber (which replaced the normal
combustion-can assembly of an engine) through two openings 180° apart .
and at right angles to the turbine shseft. The alr then passed through a -
screen snd into 10 transition sections, each of which supplied alr to a
segment of the first-stage stator. The alr passed through the turbine -
into the tail cone, whence it was discharged into the laboratory exhaust

facllities.
N
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Two 5000-horsepower cradled dynamameters of the eddy-current wet-
gap type were connected in tandem and were used to ebsorb the power out-
put of the turbine. The turblne torque output was measured by means of
an NACA balanced-diaphragm thrust meter. The turbline rotative speed
was megsured by means of an electric chronometric tachometer.

PR -

Instruﬁentétion

The instrumentation used for the performance evalustion of the
turbine and downstream stator was located at stations O, 5, and 6, &s
shown in figure 2. The turbine-inlet conditions at station O were
meagsured by means of a combination probe coansisting of a shielded total-
pressure tube and a calibrated spike-type thermocouple, and two well
static-pressure taps in each of the 10 transition sections. The instru-
mentgtion installed in station 5 conslsted of five shielded total-
Ppressure probes located at different radii corresponding to the area
centers of five equal-annular areas and of four wall static-pressure taps
on both the imner and outer shroud. Totsl-pressure probes and wall
static taps (increased to eight on both the inner and outer shroud)
were installed in a similar manner at station 6. Four thermocouple
rakes were also installed at stgtion 6. Each thermocouple raske con-
slsted of five spike-type thermocouples located such that duplicate
temperatures at 10 radial positions at the area centers of equal-annular
areas were obtained with the four rakes. Fhobtographs of the instruments
used are shown in figure 3. At stations 2 to 4, four wall static-
pressure taps on both the inner and outer shroud were installed (see fig.
2). Two wall static-pressure taps were also installed in each transi-
tion section at station 1. At stations 1 to 5 the wall static-pressure
taps were located midwsy clrcumferentislly between adjacent stator
blades. The total-pressure probes at steation 5 were instslled in like

menner.

TURBINE AND BLADE DESIGN
Velocity Diagrams

The design velocity diagrams and the method used to select them
are presented in reference 3. In calculating the design velocity dia-
grams at stations 2 to 5, & free-vortex distribution of tangential ve-
locity and simple radlal equilibrium were assumed. Radlal components
of veloclity were ignored in calculaiting the veloclty diagrams as well
as in the design of the blade profiles. These design velocity dlagrams
are reproduced from reference 3 and presented in figure 4.
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Turbine Blade Profile Deslgn

With exception of the downstream stator, the blade profiles were
designed using a two-dimensional quasi-channel-flow theory and g stream-
filament technigque developed in reference 5.

Three flow regions were examined for esch constant-radlus blade
passage design. These three reglions consisted of (1) the section be-
tween the passage potential line where the flow first becomes fully con-
talned within the blade passage and the passage potential line at the
throat of the blades,-(Z) the portion of the blede downstream of the
throat, and (3) the leading-edge section of the blade. The design pro-
cedure conslsted of mating these three flow regions by means of Jjudicious
gselection of blade profiles until a ressonable compromise of the flow
conditions was achieved. The passage tbhroat and blade portion down-
stream of ,it were assumed to control the exlt flow angle. For the
leading-edge sections, high-speed NACA series 65 airfoll nose sections -
were used. In the channel portion of the blade the surface veloclties
were calculsted using the stream-filament technique of reference 5. In
the channel portion of the blades the meximum suction-gurface Mach num-
ber and ratio of maximum suction-surface veloclity to exit veloclty were
1.08 and 1.37, respectively.

The design blade profiles obtained in this manner and those of the
downstream stator sre shown 1n figure S.

Downstream-Stator Design

The variation in hub Mach number and flow angle at the entrance to
the downstream stator between engine take-off and crulse conditions is
reported in reference 3. From take-off to cruise the hub entrance Mach
number increased from 0.44 to 0.63 and the hub entrance flow angle meas-
ured from the axiel direction increased from 26° to 32°. Reference 6
indicates that an NACA series 65-(12)10 airfoil with & maximum mean-
line height 0.05515 of the chord would efficilently turn the flow to
axial over this range of entrance Mach number and flow angle. This air-
foll section was, therefore, used for the downstream stator. The varia-
tion in stagger of the alrfoil with radius was determined by the varia-
tion in entrance flow angle with radlius shown in figure 4. The design
angle of incidence varied from -0.6° at the hub to -3.4° at the tip.

Blade Solidity and Aspect Ratio

References 7 and 8 were used as g gulide in selecting the blade
solidities of the first two stators and the rotors. The solidity of the

3790
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downstream stetor was obtained from reference 6. The aspect ratios were
gselected to give a good mechanicsl design for the turbine. The result-
irng solidip}gspand aspect ratios based on axial chord were as follows:

Solidity Mean
: aspect

Hub Mean | Tip { ratio

First stator 1.36 1l.24 l.14 1.940
First rotor 1.68 1.50 1.35 2.487
Second stator 2.00 | 1.71 | 1.50 | 2.729
Second rotor 2.09 1.59 1.25 3.150

Downstream stator | 1.57 | 1.14 .92 | 3.431

Turbine

The turbine was designed for the following conditions:

Turbine Turbine
design equivalent
conditions|design
conditions
Work, Btu/lb 131 32.25
Weight flow, 1b/sec 158 39.65
Rotative speed, rpm 6100 3027
Inlet temperature, °R 2160 518.7
Inlet pressure, in. Hg abs 248.3 29.92

A schemgtic diagram of the geometry employed in the turbine design
is shown in figure 2. In the design the turbine frontal areas was re-
quired tc be no larger than the compressor fronitsl area. Because of
this restriction on turbine frontal area and the low design rotative
speed, the velocity diagrams were obtained by keeping the tip diameter
of the turbine constant and obtaining all the area divergence through
the turbine from the inner wall. The tip dismeter of the turbine was
constant at 33.5 inches; the annular grea increased through the turbine
with the inner shroud heving a cone half-asngle of 27.6°. The hub-tip
radius ratios at the exit of the first stator and last rotor were, re-~
spectively, 0.813 end 0.6813. The hub-tip radius retio at the exit of
the downstresm stator was 0.539. The design work output of the turbine
was split 67/33 between the first and second stages, respectively.
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METHODS AND PROCEDURES

The turbine was operated with a measured inlet pressure pb of ap-
proximately 35 inches of mercury absolute and an inlet temperature Té

of- 700° R for equivalent rotative speeds of 20, 40, 60, 70, 80, 90, 100,
110, 120, and 130 percent of the design value. A range of rating pres-
sure ratios pé/pé x from 1.4 to 5.6 was investigated.

2

The method used to convert turbine test conditions to equivalent
operating conditions based on NACA standard sea-level condltions is glven
in reference 9. The equivalent work output and brake lnternsl effliciency
for the over-all performance are based on measured torgque vealues.

3790

The over-all turbine performance rating (efficiency No-g.x’ 5S¢
=9
appendix)‘was based on the calculated exit pressure pé <? defined as
L

the static pressure behind the downstream stator plus the veloclty pres-

sure corresponding to the axlal camponent of the absolute velocity.

This calculated value of turbine-exit pressure charges the turbine for ~
the energy of the. tangential component of exit velocity. This pressure

1s ecslculated fram the energy equation and continuity by using the known

annulus area at the measuring station and measured values of welght flow, -
static pressure, total (stagnation)_pressure, and total temperature.

The derivation of the equation to calculste pi is given in the appendix.

The total-temperature and pressure readings at stations O, 5, and 6
were arlthmetically averaged for a single reading of temperature and
preassure at these stations., In presenting the statlc-~-pressure distribu-
tion through the turbine, the arithmetic average of the hub-wall static-
pressure readings were used for stations 1 to 6. TIn calculating Pé,x

and pé x? the wall static-pressure readlngs at both the hub and tip were
2
arithmetically averaged for a single reading.

The indicated temperature resdings obtained from the splke-type
thermocouple probes were corrected for Mach number effects. The indi-
cated pressure readings obtained from the shielded total-pressure probes
were corrected for both Mach number and Reynolds number effects.

In addition to the efficiency used to rate the turbine, three other
turbine efficlencies are defined in the appendix, These efficiencies
are useful 1n evaluating the downstream-stator performance in terms of
its effect on over-sll turbine performsnce. The difference between the
efficiencies Mo-5 and Ng.g Heasures the effect on the turbine per-

formance of the total-pressure loss across the downstream stator. The
difference between the efficienciles Mo-5 and Mo-5.x is & measure of >
= ]
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the emount of energy of the tangential component of velocity leaving the
last rotor (entering the downstream stetor) and shows the effect of this
energy on turbine performance. Similarly, the difference between the
efficiencies To-6 and no_s’x is & measure of the energy of the tan-

gential component of velocity leaving the downstream stator and its ef-
fect on turbine performsnce. The difference between efficiencies No-5

and “0-6,1{ is & measure of the total effectiveness of the downstresm
stator.

The effect on turbine performance of the downstream stator can be
determined from the turbine efficiency ratings defined in the appendix
end discussed previously. Indirectly, the downstream-stator performance
can be determined from the difference of these efficiencies, but a more
direct measure of its performance would be desireble. Accordingly, a
recovery rating is defined in the gppendix as follows:

Pg,x Pé
Recovery factor = 1ln —2= [1n —— (14)
P5,x P5,x

This recovery factor is the ratio of the reduction in entropy schieved
by using the downstream stator to the entropy increase that would have
occurred if all the energy of the tangential velocity at the exit of
the last rotor had been lost. §Since an entropy inecresse represents a
loss, this ratio represents the effectiveness of the downstream stator
in recovering the energy of the tangential velocity at the exit of the
last rotor or the effectiveness of the stator in preventing this energy
from representing a loss. This recovery factor caen never exceed unity
(complete recovery) but mey bhave a negative value if the total-pressure
loss across the downstream stator becames grest enough.

RESULTS AND DISCUSSION
Over-All Performance

The over-all performance of the turbine 1s presented in figure 6 as
a plot of equivelent work against the flow parameter (wN/6085)c for con-
stant values of equivalent speed N/ 4/ 6. 8and rating pressure ratio

p(‘)/pé,x. In addition, contours of constant brake internal efficlency

no_s’x are shown.

At equivalent design work and speed, an efficlency of 0.81 was ob-
tained st & rating pressure ratio of spproximately 3.8. A maximm effi-
ciency of 0.85 occurred st 130 percent of equivalent design speed and a
work output of 36.5 Btu per pound, corresponding to a rating pressure
ratio of approximastely 4.4.
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The variation of equivalent weight flow with rating pressure ratio
for the equivalent speeds investlgated is shown in figure 7. The value
for equlvalent design weight flow 1s indicated on the weight-flow ordi-
nate. At equivalent design speed and the rating pressure ratio (3.8)
corresponding to equivalent deslgn work, the bturbine weight flow was 98
percent of the equivalent design weight flow. Choking weight flow, in-
dicated when the curves have zero slope, was obtained sbove & rating
pressure ratlo of 3.4 for all speeds. The magnitude of the choking
welght flow was the same for all speeds. This indicates that the first
stator choked prior to any other blade row over the range of speeds in-
vestlgated and controlled the weight flow passed by the turbilne.

3790

The varlation of equivalent torque with rating pressure ratio for
the equivalent speeds Iinvestigated is shown in figure 8. At the higher
speeds and pressure ratlos the slope of these curves is zero. This
could result from either turbine limiting loadlng or choking in the
downstream stator or both. ILimiting loading (ref. 10) occurs when an
increase in pressure ratio across a blade row does not produce an in-
crease in the tangential loading or force. In a multistage turbine,
limiting loading for the entlre turbine occurs after the last rotor has
choked and when a decreamse Iin pressure at the exit of this blade row
doeg not produce an increase in the torque output. The choking charac-
teristics of the turbine at 90, 100, and 130 percent of equivalent de- -
sign speed wlll be discussed subsequently in detzil and integrated with
the limiting-loading question. These speeds were conslidered bheczuse
they cover the range of speeds over which the torque curves cbtalned a
zero slope. : :

Choking Characteristics

Choking in & blade row, or downstream of the -blade row, is indi-
cated when the static pressure ahead of the blade row remains constant
with incressing rating pressure ratio _pé/pé x* Choking in a glven

r

blade row rather than some point downstream of the blade row coccurs if
the static pressure ghead of the blade row becomes constant while those
downstream continue to fall. The static-pressure distributions at the
hub of the blades agalnst rating pressure ratio pé/bé,x for 20, 100,

and 130 percent of equivalent design speed are shown in Ffigures 9(a),

(b), and (c), respectively. The static pressure at each station has

been divided by the inlet total pressure in order to eliminate the ef-

fect of the small fluctuations in inlet total pressure encountered while

testing the turbine. The data shown 1n figure 9 indicates for all three

speeds that, excepting the downstream stator, the blade rows choke -
successively starting with the first stator as the rating pressure ratic
increases. The change 1n slope from negative to zero st stgtlion 1, in-

dicating the first stator chokes, is not very pronounced. The decrease ~
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in flow area between the entrance of the first stator and its throat is
large. Consequently, the Mach number and static-pressure variation at
the entrance to the stator 1s small, making this static-pressure varia-
tion & poor criterion of choking in this blade row. However, the .
welght-flow curves of figure 7 show, as mentioned previously, that the
first stator definitely chokes first at these speeds.

At 90 percent of equivalent design speed (fig. 9(a)) the static
pressures st station 5, ahead of the downstream stator, decreased over
the whole range of rating Pressure ratioc po/i)6 « The downstream

stator, therefore, does not choke at this speed. Since the downstream
stator 4did not choke, the torque curve for this speed in figure 8 ob-

+talned a zero slope because the turbine reached limiting loading. The

same conditions prevailed gt 100 and 130 percent of equivalent design
speed (figs. 9(b) and (c), respectively).

Downstream-Stator Performance

The effect of the downstream-stator performance on the over-zsll
turbine performance is shown in figure 10, where the efficiencies de-
Pined in the appendix are shown against the equivalent shaft work for
speeds from 70 to 130 percent of eaqulvalent design speed. The effi-
ciency 1g.5 rates the turbine on the basls of the measured total pres-

sure ahesd of the stator, which includes the total velocity head. Ef-
Ficiency nO—S,x shows the effect on turbine performance of charging

the turbine with the energy of the tangential velocity shead of the
gtator. Efficiency N0-6 shows the effect of the total-pressure loss

across the stator, while efficiency 10-6,x shows the additianal effect

of charging the turbine with the energy of the tangential velocity at
the exit of the stator. The difference between efficiency No-5 &and

the efficiency used to rate the turbine no_e’x shows the total effect
of the stator on turbine performance.

At equivalent design work and speed (fig. 10(d)), the stator re-
covery was good. The drop in turbine efficlency due to total-pressure
loss across the stator amounted to 0.006, and the stgtor-exit tangential-
velocity energy represented another drop of 0.005. The total drop in
turbine efficiencies, 0.011, is small in camparison with the potential
drop, 0.048, that would result if none of the kinetic energy of the
second rotor-exit tangentisl velocity were recovered.

The shaded area between efficiencies no 6 and. no 6.x° showing
- I

the drop in turbine efficiency due to the tangential velocity of the gas
legving the stator, was small over the range of conditions shown. This
indicates that the stator left very litile tangentlal-velocity energy
in the gas at any of thesge operating conditions.
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The total drop in turbine efficiency fram np.5 to 15 g , Wwas
2

small over & broad range of work output at low speeds. However, as the
speed increased, the range of work output over which the stator per-
formed well wids limited and moved to higher work outputs. The poor
stator performance at the higher speeds and low work outputs was prob-
ably the result of large negative angles of attack on the stator. At
high work output, the poor stator performance probably resulted from
high inlet Mach numbers. In both instances, the large drop in turbine
efficiency resulted from total-pressure loss across the stator and not
as a result of large tangential components of velocity at the stator
exlt.

A recovery factor for the stator which measures the effectiveness
of the downstream stator 1n recovering the tangential-velocity energy
entering the stator 1s defined in the appendix. This recovery factor
agalnst the equivalent shaft work for speeds fram 70 to 130 percent—of
equlvalent design speed is shown in figure 11. This recovery factox
can never exceed unity (full recovery) but does have a negative value
when the total-pressure loss across the stator becomes great enough.

At equivalent design work and speed (fig. 11(d)), the stator re-
covery was 0.78, which for practical purposes is the amount of entrance
tangential-velocity energy recovered.

The stator recovery patterns follow the effects noted in figure 10
of stator performance on turbine efficiency. From figure 11 1t is seen
that good recovery over a broad range of work output wes obtained at
low speed, with the range of work output over which the stafor has good
recovery decreasing and moving to higher work outputs as the speed
increases.

CONCLUDING REMARKS

The over-all turbine efficiency nO-B,x at equivalent design work

and speed was well below the value anticipated in the design of the tur
bine. The low efficiency obtained does not necessarily preclude the
possibility that good turbine efficiency could be cobtained with some
other turbine design. Perhaps higher turbine efflciency could be cob-
tained 1f a turbine were designed sccounting for the three dimensional-
ity of the flow, as 1in reference 11, and with closer control of the
blade loading, as in ireference 12. It does appear, however, that the
blade design procedure used for the turbine herein was inadequate for
a turblne with such critical aerodynamic limits.

The downstream-stator performance was, in general, very good.
Near-axlgl discharge was obtained over a wide operating range; and, when

3790
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properly matched to the rotor-discharge Mach number and flow angle, ex-
cellent recovery of the energy of the tangential velocity leaving the
last rotor was cobtained.

SUMMARY OF RESULTS

From an experimental investigation of a high-work-output, low-
blade-speed, two-stage turbine with a downstream stator, opersted over
a range of equivalent speed and total-pressure ratio at inlet conditions
of 35 inches of mercury absolute and 700° R, the following results were
obtained:

1. At equivalent design speed and work, the turbine passed 0.98 of
the equivalent design weight flow. The brake internal efficiliency at
this polnt was 0.8l and occurred at a rating pressure ratio of 3.8.

2. A maxdmum efficiency of 0.85 occurred at 130 percent of equiva-
lent design speed and a work output of 36.5 Btu per pound, corresponding
to a rating pressure ratio of gpproximately 4.4.

3. At 90 percent of equivalent design speed and gbove, the blade
rows, with the exception of the downstream stator, choked successively
starting with the first stator as the over-all pressure ratio was
increased.

4., Turbine limiting loading was observed for speeds from 90 to 130
percent of equivalent design speed.

5. The downstream stetor left very little energy in the' form of
tangential velocity in the gas at any operating condition._

6. Recovery of the energy of the tangential velocity at the entrance
to the downstream stator was good over g broad range of work output near
70 percent of equivelent design speed. With increasing rotative speed,
the best recovery was reached over g very limited range of work output.
In general, the best recovery for the stator moved to a higher work out-
put with an increase in rotative speed. -

7. At equivalent design work and speed, the downstresm stator re-
covered 0.78 of the energy of the tangential velocity entering the .
stator. The energy of this tangential velocity amounted to 4.8 points
in turbine efficiency.

ILewis Flight Propulsion Laboratory _
National Advisory Committee for Aeronautics _ m}%“
Cleveland, Ohio, August 17, 1955 o
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APPENDIX -~ DERIVATION OF TOTAL—PRESSIIRE s BEFFICIENCY, AND
DOWNSTREAM-STATOR RECOVERY EQUATIONS
Total Pressure

The one-dimensiongl equation for calculating the total pressure
p;c based on the axial component of velocity at the exit of a blade row

can be derlved form a cambination of the following equations:

Energy: T! =T + Vi 1
&y X Zchp ( )
Continuity: w = pV,A (2)
State: p =pRT (3)
Y-1
T p\ ¥
Isentropic relations: v = (35 (4)
and
r-t
Tl PI
=-(3) (5)
T pe)

Based on equations (1)} to (5), the followlng equation for the axial
total pressure can be obtsined:

i
P;c=pl+—(1lz;—g!'-)-(%)2§—§-l(§r)r (6)

The total pressure p; at the exit of a blade row can be calculated

from equation (6) from the known values of w, A, P, P', and T'. The
kinetic energy contalined in the exit tangential-veloclty component is
consldered a loss when the turbilne efficiency is based on the exit totel
pressure pPyg.
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Efficiency Ratings

For the purpose of evaluating the performasnce of the turbine and
downstream stator, four different efficlencies were calculated. The
expansion process upon which the four definitions of efficlency are
based is depicted in the temperature-entropy diasgram of figure 12. The
four efficiencies calculated for the turbine are as follows:

) cP(TC') - Té) 3 _ E
08 " S - @] Tz o
H -r
sl - ()
) cP(T(‘) - ‘I‘é) ) B ()
M0-5,x ep[T6 - (T)11] I%J_.
, Ps,x
CPTO 1 - <'—P-’6—->
- CB(T(') - Té) - B (9)
08 "o [Ty - (7)1 eI
: Pe
)~ ()
cp(Tc‘) - T&) E
1 = = (10)
0-6:% e [mg - (T8)11]

-1
s )"
c. PIEl -~ —r
PO P

where cP(T(') - ‘I‘é) and cP(TC') - Té) are calculated from the weight-flow,

rotative-speed, and torque messurements.

Downstream-Stator Recovery Factor d

The downstream-stator recovery factor was deftermined in the follow-
ing menner: An entropy increase ASS—S,x (fig. 12) would occur if none
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of the energy of the tangential velocity at the exit of the second rotor
Vg u/ZgJ were recovered. If a downstream stator were employed, the
>

entropy increasge would be ASS—S,x' (The stator is charged with the
entropy lincrease due to the energy of the tangentlal veloclity at the
exit of the stator Vg,u/ZgJ .) The difference between the entropy
increases ASS-S,x - A35-6,x represents the reductions In entropy

gained by using the stator. The ratio then of this entropy decrease

ASS-S,x - A55-6,x to the entropy increase A35_5’x that would hsve

occurred if all the energy of V% u/ZgJ had been lost 1s & measure of
2

the total effectiveness of-the stator in preventing the energy Vg u/ZgJ
from representing a loss. For all practical purposes the rstio a.léo
represents the amount of this energy recovered by the stator. The ratio
then that was used to represent the effectiveness of the stator is:

AS 48

5-5,x  5-8,X

(11)
AS5 5 x

Recovery factor =

This ratio, representing the effectiveness of the stator, can never ex-
ceed mmity (complete recovery) but may have a negative value if the
total-pressure loss across the stator becomes great enough.

The recovery factor was calculated from the measured p' and cal-
culated p;{ at stations 5 and 6. The derivation of the equation used

for this purpose 1s as follows: With the totsl temperature constant,
the entropy lncreases can be written:

3 I (12)

R
A5 g,x =T 1n (13)

Pg,x
If equations (12) and (13) are substituted into the recovery factor,

equation (11) presents the recovery factor in terms of the measured
total pressures p' and calculated total pressures P:‘c' Thus,

D¢ Pg
Recovery factor = 1in -—?—Lx ln_-—,—s—- (14)
PS,x P5,x
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Station o] 1 2 3 4 5 - 6

"~

Total pressure

———~~ Total temperature

Station e Static pressure

00D _

Figure 2. - Schematic diagrem of turbine showing instrumentation.
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(a) Total-temperature rake.
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C-39557

(b) Total-pressure probe.

Figure 3. - Typical total-temperature rake and total-pressure probe.
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(b) Second stage.

(¢) Downstreem stetor.

Tip

CD-4558

Figure 5. - Design blade and chanmel shapes for two-stage turbine with

downstream stator.
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Brake internal efficiency, 1

W, NACA RM ESSHL6
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(a) Equivalent speed, 70 percent design.

Figure 10. - Effect of turblne speed and work output on
downstream-stator performance.
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Figure 10. - Continued. Effect of turbine speed and work output on
downstream-stator performance.
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Figure 10. - Continued. Effect of turbine speed and work output on
downstream-gtator performance.
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Figure 10, - Continued. Effect of turbine speed and work output on downstream-stator
performence.
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Figure 10. - Continued. Effect of turbine speed and work output on downstresm-stator
performance.
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Flgure 11. - Downstream-stator recovery of tangential-
velocity energy.
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Figure 11. - Continued. Downstream-stator recovery of tangential-velocity
energy.
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Figure 11. - Continued. Downstream-stetor recovery of tangentiesl-velocity
energy.
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Recovery factor
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Pigure 11. - Continued. - Downstream-stator recovery of tangential-
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Figure 11l. - Contlnued.
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Downstream-stator recovery of ftengential-

38



42

Recovery factor

w——_—_ NACA EM E55HL6E

- Full recovery

6 i

-4 7

v

-.8 o
10 14 18 22 26 30 34 38
Equivalent shaft work, E/@.,

(f) Equivalent speed, 120 percent design

Pigure 11. -~ Continued. Downstream-stator recovery of fangential-
veloclity energy.
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Figure 11. - Concluded. Downstream-stator recovery of tangential-
veloclty energy.
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